Introduction
============

Mesenchymal stem cells (MSCs) are a type of adult stem cell, distinguished by their characteristics of self-replication, low immunogenicity and easy isolation ([@b1-etm-0-0-6125]--[@b3-etm-0-0-6125]). Previous studies have demonstrated that MSCs have the potential to differentiate into a number of different cell lineages under suitable conditions, including osteocytes ([@b4-etm-0-0-6125]), male germ-like cells ([@b5-etm-0-0-6125]) and diverse neuronal lineages ([@b1-etm-0-0-6125],[@b6-etm-0-0-6125],[@b7-etm-0-0-6125]). Due to their distinctive plasticity, MSCs have been widely applied in tissue engineering to regenerate cells or tissues, and to repair damaged tissues. For instance, the intravenous administration of green fluorescent protein-labeled MSCs *in vivo* significantly improved neurological function in a rat stroke model via differentiation into neuron- and glial-like cells ([@b8-etm-0-0-6125],[@b9-etm-0-0-6125]). However, the therapeutic potential of MSCs is impeded by their poor survival rate following transplantation into lesion regions, where they are inevitably subjected to harsh microenvironments, including hypoxia, oligotrophy, peroxidation and inflammation ([@b10-etm-0-0-6125]). These environments eventually lead to a reduction or depletion of endogenous peroxidases and antioxidants ([@b11-etm-0-0-6125]). As a result, there is an abnormal increase in free radicals that cannot be scavenged, which induces irreversible cell apoptosis ([@b11-etm-0-0-6125]). Previous studies have demonstrated that the majority of transplanted MSCs die within a short time period and that the survival rate of human MSCs is \<0.44% at 4 days following transplantation into immunodeficient mice ([@b12-etm-0-0-6125],[@b13-etm-0-0-6125]). Furthermore, cellular damage induced by continual hypoxia weakens the regenerative capacity of MSCs ([@b14-etm-0-0-6125]). For instance, Deschepper *et al* ([@b15-etm-0-0-6125]) revealed that exposure to severe hypoxia (1% O^2^) for 12 consecutive days led to the widespread death of MSCs; the number of viable MSCs was markedly reduced when MSCs were cultured in an environment containing 1% O^2^ compared with 21% O^2^ (2.5±1.2×10^4^ vs. 16±3×10^4^ cells). In addition, Zhu *et al* ([@b10-etm-0-0-6125]) demonstrated that hypoxia and serum deprivation (H/SD) treatment significantly upregulated the expression of caspase-3 in MSCs, which subsequently resulted in the initiation of the caspase-dependent apoptosis signaling pathway. These results demonstrate that serious abiotic stresses, such as H/SD, lead to MSC apoptosis. Therefore, if the tolerance of MSCs to adverse physiological and biochemical factors could be enhanced under hypoxic and ischemic conditions, this would be of great significance to their clinical application for the repair or regeneration of damaged tissues *in vivo*.

Currently, a number of researchers are aiming to develop reliable strategies that increase the survival of MSCs under adverse conditions *in vitro*. For instance, Lv *et al* ([@b16-etm-0-0-6125]) demonstrated that hypoxia-inducible factor (HIF)-α overexpression effectively promoted the viability of MSCs and suppressed apoptosis under hypoxic conditions. Chinese scholars have demonstrated that Chinese herbs and their active ingredients, including salidroside ([@b17-etm-0-0-6125]) and hydroxysafflor yellow A (HSYA) ([@b18-etm-0-0-6125]), may protect stem cells against apoptosis induced by toxic chemicals, including Cytarabine and β-mercaptoethanol. HSYA is a flavonoid extracted from the herb, *Carthamus tinctorius* L., which has been demonstrated to exhibit potent antioxidative effects on neurons ([@b19-etm-0-0-6125]) and endothelial cells ([@b20-etm-0-0-6125]) *in vitro*. To date, it has been extensively applied in the treatment of traumatic brain injury ([@b21-etm-0-0-6125]) and cardiac-cerebral vascular disease ([@b22-etm-0-0-6125]). A previous study demonstrated that the protective effects of HSYA against brain injury in a stroke animal model was achieved by attenuating the elevation of malondialdehyde, decreasing glutathione content and increasing superoxide dismutase activity ([@b23-etm-0-0-6125]).

To enhance the survival of MSCs in disease regions and promote the clinical application of these cells in tissue repair and regeneration, the authors of present study hypothesized that HSYA may protect MSCs against H/SD-induced apoptosis, thus improving the survival rate of transplanted MSCs. To investigate this hypothesis, H/SD treatment was utilized to mimic the unfavorable microenvironment of ischemic injury and the anti-apoptotic effects of HSYA on MSCs under H/SD conditions, and the associated signaling pathways were analyzed.

Materials and methods
=====================

### MSC culture

A total of 6 male Sprague Dawley rats (3 weeks old; 45--50 g) were purchased from the Academy of Military Medical Science of China (Beijing, China), raised under the conditions of 20--25°C, 60±10% humidity and a 12:12-h light/dark cycle, and fed standard diet and provided with filtered water *ad libitum*. All animal experiments were approved by the Animal Ethics Committee of Hebei North University (Hebei, China; reference number: 2016-1-9-05). The isolation of MSCs from the 6 rats was performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Rats were anesthetized with an intraperitoneal injection of 400 mg/kg chloral hydrate before the rats were sacrificed and their femurs were dismembered. The bone marrow MSCs were then harvested from the femurs using complete Dulbecco\'s modified Eagle\'s medium containing 1 g/l glutamine (L-DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) plus 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and seeded into 25 cm^2^ culture flasks. The cells were maintained at 37°C in a humidified atmosphere with 95% air and 5% CO^2^. When confluence had reached \~90%, cells were harvested with trypsin and subcultured until the third or fourth generation.

In order to observe the morphology of MSCs, Diff-Quick kit (Beijing Propbs Biotechnoloty Co., Ltd., Beijing, China) was applied to stain MSCs for three generations. In brief, MSCs were seeded in 24-well plate at a density of 1×10^4^ and cultured under the aforementioned conditions. When the confluence reached \~90%, MSCs were washed three times using PBS with the pH at 7.2. Subsequently, at room temperature MSCs were fixed with Reagent A for 30 sec and stained with Reagent B for 30 sec. Then MSCs were observed under a multifunctional fluorescence microscope (Eclipse 90i; Nikon Corporation, Tokyo, Japan; magnification, ×200) and images were captured.

### Cell authentication

To confirm the mesenchymal properties of the cells cultured in the present study, cell-surface antigen profiles were determined by flow cytometry (FCM) analysis (BD Biosciences, Franklin Lakes, NJ, USA). MSCs express cluster of differentiation (CD)13, CD44, CD73, CD90 and CD105, but are negative for the expression of CD45, CD34, CD14 and CD19 ([@b24-etm-0-0-6125]). Therefore, third generation MSCs (1×10^6^ cells/ml) obtained in the present study were incubated with the following antibodies (10 µl): Phycoerythrin (PE)-CD29 ([@b2-etm-0-0-6125]) (dilution, 1:1,000; cat. no. 562154; BD Pharmingen; BD Biosciences), allophycocyanin (APC)-CD90 (dilution, 1:1,000; cat. no. 561409; BD Pharmingen; BD Biosciences), fluorescein isothiocyanate (FITC)-CD34 (dilution, 1:1,000; cat. no. ab192547; Abcam, Cambridge, UK) and FITC-CD45 (dilution, 1:1,000; cat. no. 561867; BD Pharmingen; BD Biosciences) for 30 min at room temperature in the dark. This was followed by washing with PBS, and fluorescence was detected by FCM equipped with FACSDiva analytical software (version 8.0.1; BD Bioscience).

### Cell treatments

In order to assess whether HSYA protects MSCs against H/SD-induced injury, H/SD treatment and HSYA protection were conducted on fourth generation MSCs. MSCs were first divided into normal, H/SD and protective groups. In the normal group, MSCs were cultured under the aforementioned conditions and regarded as the negative control. In the H/SD group, MSCs were cultured in L-DMEM (FBS-free) under hypoxic conditions (5% O^2^) ([@b25-etm-0-0-6125]) for 6--48 h. In the protective group, MSCs were cultured for 6--48 h using L-DMEM (FBS-free) containing 160 mg/l HSYA ([@b18-etm-0-0-6125]) under hypoxic conditions.

### Determination of cell apoptosis and reactive oxygen species (ROS) levels

Following the exposure of cells in each group to different culture conditions for 48 h at room temperature, double fluorescence staining using 0.5 µg/ml Hoechst 33342 and 50 µg/ml propidium iodide (PI) was employed to stain the nuclei for 10 min at room temperature to determine cell apoptosis. Hoechst 33342-positive cells are viable and PI-positive cells are apoptotic. Using a multifunctional fluorescence microscope (Nikon 90-I; Nikon Corporation, Tokyo, Japan), the percentage of apoptotic cells in each group was determined by counting Hoechst 33342- and PI-positive cells in 10 random fields of view.

The ROS level in MSCs was measured using an ROS assay kit (Beyotime Institute of Biotechnology, Haimen, China) in accordance with the manufacturer\'s protocol. After the exposure of MSCs in three groups to different culture conditions for 6, 12, 24 and 48 h, MSCs were incubated with 2′,7′-dichlorodihydrofluorescein diacetate (DCF; Xiamen Bioluminor Bio-Tech Co., Ltd., Xiamen, China) for 30 min at 37°C. Following washing with PBS three times, DCF fluorescence intensity was measured using FCM equipped with FACSDiva analytical software. Hoechst 33342 (0.5 µg/ml) was used to stain the nuclei after 24 h of treatment; Hoechst 33342 was incubated with the MSCs for 10 min at room temperature and images were obtained under a fluorescence microscope (magnification, ×200).

### Cell viability and proliferation assay

Cell viability was assessed using an MTT assay kit (Shanghai Gefan Biotechnology Co., Ltd., Shanghai, China). Briefly, fourth generation MSCs (8×10^3^ cells/ml) were seeded into 96-well plates. Once the cells had adhered to the culture vessel, they were divided into the aforementioned groups and exposed to the associated conditions for 6, 12, 24 and 48 h. MTT reagent (5 mg/ml) was then added and the cells were incubated for 4 h at 37°C. Ice-cold PBS was used to wash the cells, and 150 µl DMSO was then added. The absorbance of each well was measured at 570 nm using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Each cell treatment was assayed \>3 times.

For the determination of cell proliferation, a 5-ethynyl-2′-deoxyuridine (EdU) kit (KeyGen Biotech, Co., Ltd., Nanjing, China,) was used. Briefly, 0.6 ml/well MSCs at a density of 5×10^4^ cells/ml were seeded in 6-well plates and when the MSCs had adhered to the surface of the culture vessel, MSCs were exposed to their respective culture conditions. EdU (20 µM) was then added and the cells were incubated for 24 h at 37°C. Thereafter, at room temperature the cells were washed with PBS, fixed in 4% polyformaldehyde for 10 min at room temperature and stained with kFluor488-azide \[dilution, 3:1,000 (v/v); KeyGen Biotech, Co., Ltd.\] for 30 min at room temperature. The cells were then stained with 0.5 µg/ml Hoechst for 10 min at room temperature. Images were acquired using a multifunctional fluorescence microscope. Three fields were randomly selected from each dish and at least three dishes from each group were counted to determine the number of EdU-positive cells.

### Western blotting

Considering that HIF-1/vascular endothelial growth factor (VEGF) signaling contributes to protection against ischemic brain injury ([@b26-etm-0-0-6125]) and that caspase-3 and cytochrome c (cytC) promote cell apoptosis ([@b27-etm-0-0-6125]), a western blot analysis was performed to measure the expression of these proteins. MSCs (0.6 ml/well) were seeded in 6-well plates at density of 5×10^4^ cells/ml. When the cells were attached to the surface of culture plates, MSCs were exposed to the different treatment conditions for 24 h. Total protein was extracted from MSCs on ice using RIPA Lysis buffer (Applygen Biotech, Co., Ltd., Beijing, China). Meanwhile, to detect the content of cytC in the cytoplasm, cytoplasmic protein was extracted from abovementioned MSCs using nuclear/cytoplasmic protein extraction kit (Sangon Biotech Co., Ltd., Shanghai, China). MSCs were harvested and treated with Buffer A for 15 min at room temperature, Buffer B was added for 1 min on ice and vortexed for 15 sec. The cells were then kept on ice for 1 min and centrifuged at 14,000 × g for 5 min at 4°C. The resulting supernatant only contained cytoplasmic protein. The protein concentration was determined using a bicinchoninic acid assay kit (BestBio Company, Shanghai, China). Protein (25 µg) from each sample was mixed with loading buffer and resolved by 11% SDS-PAGE.

Following electrophoresis, protein bands were electrotransferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were blocked using 10% non-fat milk at room temperature for 1 h to prevent non-specific binding. The membranes were subsequently incubated with the following rabbit anti-rat antibodies obtained from Bioss Antibodies Inc. (Beijing, China): HIF-1α (dilution, 1:2,000; cat. no. bs-0737R), VEGF (dilution, 1:2,000; cat. no. bs-1665R), cleaved caspase-3 (dilution, 1:2,000; cat. no. bs-0081R), cytC (dilution, 1:2,000; cat. no. bs-0013R) and β-actin antibody (dilution, 1:2,000; cat. no. bs-0061R) at 37°C for 2 h. Following washing with Tris-buffered saline and 0.1% Tween 20, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (dilution, 1:3,000; cat. no. bs-0295G; Bioss Antibodies Inc.) for 1 h at room temperature. An enhanced chemiluminescence detection reagent (Beyotime Institute of Biotechnology) was incubated with the PVDF membranes for 3--5 min at room temperature in the dark. The protein bands were visualized using the Aplegen Omega Lum W gel imaging system (Gel Company, Inc., San Francisco, CA, USA). The average area and band densities from 3--5 independent blots were used to represent the expression of all proteins. All experimental groups used a β-actin antibody as the loading control.

### Reverse transcription quantitative polymerase chain reaction (RT-qPCR analysis)

To further assess the potential protective effect of HSYA against H/SD-induced injury in MSCs, RT-qPCR was performed to assess the expression of HIF-1α and VEGF following H/SD treatment. Total RNA was extracted from MSCs using TRNzol reagent (Tiangen Biotech Co., Ltd., Beijing, China) in accordance with the manufacturer\'s protocol. The purity of RNA was determined using spectrophotometry (wavelength range, 190--1,100 nm). The quality of extracted RNA was considered acceptable when the optical density (OD) at 260/280 nm was between 1.9 and 2.0. Total RNA (2 µg) was then reverse transcribed into cDNA using the First-Strand cDNA Synthesis kit (Tiangen Biotech Co., Ltd.) containing oligo dT18 primers. The specific primers for RT-qPCR were designed using the online Primer-Blast tool ([www.ncbi.nlm.nih.gov/tools/primer-blast/](www.ncbi.nlm.nih.gov/tools/primer-blast/)). Amplification was performed using the Premix Taq PCR kit (Takara Biotechnology Co., Ltd., Dalian, China), and the following thermocycling conditions: An initial denaturation step at 94°C for 5 min, followed by 30 cycles of 94°C for 40 sec, 55°C for 40 sec and 72°C for 2 min, and then one cycle at 72°C for 10 min. The primers, amplification fragment lengths and annealing temperatures are presented in [Table I](#tI-etm-0-0-6125){ref-type="table"}. β-actin was used as a control housekeeping gene. The relative expression level of target genes was plotted as a fold change compared with the control using the 2^−ΔΔCq^ method ([@b28-etm-0-0-6125]).

### Statistical analysis

All data were analyzed using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA) and expressed as the mean ± standard deviation. Homoscedasticity of primary data was first detected using Levene\'s test, and variance was demonstrated to be homogeneous. Comparisons among multiple groups were analyzed by two-way analysis of variance. Pairwise comparisons between different groups were performed using a Tukey\'s honest significance test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Morphology and surface-antigen profile determination of MSCs

Following 72 h of primary culture, the majority of adherent cells exhibited an elongated shape ([Fig. 1A](#f1-etm-0-0-6125){ref-type="fig"}). Non-adherent cells were gradually removed by changing the medium. Following 7--8 days of culture, adherent cells reached 80--90% confluence. Cells were then harvested with trypsin and subcultured until the third generation. At this stage, the MSCs exhibited a fibroblast- or spindle-like morphology when they reached 80--90% confluence ([Fig. 1B and C](#f1-etm-0-0-6125){ref-type="fig"}).

Third generation MSCs were incubated with FITC-conjugated antibodies targeting CD34 and CD45, a PE-conjugated antibody against CD29 and an APC-conjugated antibody targeting CD90. The cell surface-antigen profiles of MSCs were then determined by FCM. As demonstrated in [Fig. 2](#f2-etm-0-0-6125){ref-type="fig"}, MSCs were strongly positive for CD29 and CD90, with positive rates of 97.05±2.38 and 87.13±2.47%, respectively. By contrast, MSCs were negative for CD34 and CD45, which were present in 1.94±0.27 and 12.61±2.29% of the cell population, respectively ([Fig. 2](#f2-etm-0-0-6125){ref-type="fig"}).

### Detection of cell apoptosis and ROS levels

Staining with Hoechst 33342 and PI was used to detect the level of cell apoptosis. Compared with the normal group, a significant and time-dependent increase in the proportion of MSCs was observed following H/SD treatment, and the proportion of apoptotic cells was \>35% in the H/SD group following 48 h of treatment ([Fig. 3A and B](#f3-etm-0-0-6125){ref-type="fig"}). By contrast, the percentage of apoptotic cells was \~15% in the protective group, which was significantly lower than the H/SD group. This indicated that HSYA treatment reduced the level of apoptosis.

An anoxic environment induces ROS production, which is one of the primary factors leading to cell apoptosis and senescence ([@b11-etm-0-0-6125]). As indicated in [Fig. 3C-E](#f3-etm-0-0-6125){ref-type="fig"}, MSCs exposed to H/SD conditions exhibited a notable increase in ROS levels. The FCM results revealed that at 48 h following H/SD culture, a marked increase in DCF fluorescence intensity was observed, which was \~6.5-fold higher than the normal control group and \~3-fold higher than the protective group ([Fig. 3C-E](#f3-etm-0-0-6125){ref-type="fig"}). As presented in [Fig. 3E](#f3-etm-0-0-6125){ref-type="fig"}, fluorescence intensity at 48 h in the protective group was 221.33±20.21% and in the H/SD group it was 655.67±20.74%.

To further elucidate the mechanisms underlying the anti-apoptotic effects exerted by HSYA, western blot analysis was performed to assess the expression levels of cleaved caspase-3 and cytoplasmic cytC. As presented in [Fig. 3F and G](#f3-etm-0-0-6125){ref-type="fig"}, HSYA significantly suppressed the release of cytC from the mitochondria, as well as the expression of cleaved caspase-3 under H/SD conditions. The relative band density of cytoplasmic cytC was 0.31±0.02 in the protective group and 0.65±0.03 in the H/SD group, while the level of cleaved caspase-3 was 0.29±0.02 in the protective group and 0.59±0.06 in the H/SD group.

### Cell proliferation and viability assays

To determine cell proliferation, medium containing an EdU/kFluor488-azide was applied to cell cultures for 24 h. The percentage of EdU-positive cells in normal, H/SD and protective groups was 64.58±5.02, 18.16±3.19 and 21.82±3.53%, respectively ([Fig. 4A and B](#f4-etm-0-0-6125){ref-type="fig"}). Thus, there was no marked difference between the H/SD and protective groups, which indicated that HSYA exhibited no notable effect on MSC proliferation under H/SD conditions.

An MTT assay was used to assess cell viability and the OD value was determined at 570 nm using a microplate reader. As demonstrated in [Fig. 4C](#f4-etm-0-0-6125){ref-type="fig"}, cell viability in the protective HSYA group was significantly higher when compared with the H/SD group; however, it was reduced when compared with the normal group. Continuous H/SD treatment for 48 h led to a significant decrease in cell viability in the protective group compared with the normal group. As presented in [Fig. 4C](#f4-etm-0-0-6125){ref-type="fig"}, cell viability in the protective group was \<40% of that in the normal group following 48 h of treatment. Therefore, compared with the H/SD group, HSYA protection exerted a positive effect on cell viability following a short period of exposure, which may be associated with ROS scavenging. The decrease of ROS stabilizes mitochondrial membrane integrity, which contributes to the maintenance of cell viability.

### HIF-1/VEGF signaling pathway

To further investigate the anti-apoptotic effect of HSYA on MSCs under H/SD conditions, the potential underlying mechanisms were assessed. HIF-1 and its target gene VEGF are known to be involved in a number of biological functions, such as cell proliferation and anti-apoptotic mechanisms ([@b29-etm-0-0-6125]). Therefore, western blot and RT-qPCR analyses were employed in the present study to determine whether HSYA activates the HIF-1/VEGF signaling pathway. Western blotting indicated that the expression levels of HIF-1α and VEGF in the protective group were significantly higher than those in the H/SD group following 24 h of H/SD treatment ([Fig. 5A and B](#f5-etm-0-0-6125){ref-type="fig"}). Consistent with these observations, the RT-qPCR results demonstrated that 6--12 h of H/SD treatment upregulated the expression of HIF-1α and VEGF in the H/SD group when compared with the normal group ([Fig. 5C](#f5-etm-0-0-6125){ref-type="fig"}). H/SD exposure and HSYA protection for 24 h led to a peak in HIF-1α and VEGF expression, after which their mRNA levels began to decrease. The decline in HIF-1α and VEGF expression levels may have been associated with a decrease in cell viability.

Discussion
==========

Due to their capacity for self-renewal and multipotency, MSCs have received attention for their use in developing treatments for central nervous system diseases, including cerebral ischemia ([@b30-etm-0-0-6125]), stroke ([@b31-etm-0-0-6125]) and spinal cord injury ([@b32-etm-0-0-6125]). MSCs have also been demonstrated to provide a suitable microenvironment for injured and damaged tissues through the secretion of cytokines and trophic factors ([@b33-etm-0-0-6125]), which serve important roles in the protection of injured neurons. However, MSCs transplanted into lesion sites are exposed to hypoxic and/or ischemic stress; thus, their curative potential is limited. Therefore, it is important to explore novel strategies for improving the survival rate of MSCs *in vivo*. Previous studies have demonstrated that the short-term exposure of MSCs to hypoxic conditions may promote cell proliferation and stemness, thus enriching the pool of cells potentially able to differentiate into multiple lineages ([@b34-etm-0-0-6125]--[@b36-etm-0-0-6125]). However, oxygen-derived free radicals induced by hypoxia are generally considered to be important contributors to MSC apoptosis ([@b37-etm-0-0-6125]). Recent studies have revealed that HSYA attenuates the breakdown of the blood brain barrier ([@b26-etm-0-0-6125]) and alleviates the imbalance between antioxidants and oxidants, leading to neuroprotective effects against ischemia-reperfusion injury in the spinal cord ([@b38-etm-0-0-6125]), liver ([@b39-etm-0-0-6125]) and brain ([@b19-etm-0-0-6125]) via the scavenging of free radicals.

In light of the neuroprotective effects conferred on cells or organs against oxidative damage, HSYA was applied to protect MSCs against H/SD-induced injury in the present study. The results demonstrated that when compared with the normal group, the apoptosis rate of MSCs exposed to H/SD significantly increased and \~40% of MSCs died following 48 h of H/SD treatment. By contrast, prior protection with 160 mg/l HSYA notably increased the survival rate of MSCs under H/SD conditions and the apoptosis level in the protective group was \~15% at the same time point.

As a by-product of oxidative phosphorylation, a moderate quantity of ROS is necessary for cell survival, proliferation and promotion of longevity ([@b40-etm-0-0-6125]). However, in pathological sites, hypoxia-induced ischemia leads to an imbalance between the formation and scavenging of free radicals, which results in excess ROS ([@b41-etm-0-0-6125]). ROS accumulation leads to the release of the pro-apoptotic protein cytC into the cytoplasm from mitochondria and initiates the mitochondrial apoptotic pathway ([@b42-etm-0-0-6125]). Once cytC is released into the cytoplasm, it activates the expression of the downstream caspase apoptotic family ([@b43-etm-0-0-6125]). In this superfamily, cleaved caspase-3, a key mediator of apoptosis, performs the terminal steps of cell apoptosis and regulates the upstream induction of cell death ([@b44-etm-0-0-6125]). The results of the current study revealed that H/SD induced the production of excess ROS and that this effect was suppressed by HSYA treatment. Western blot analysis further confirmed the anti-apoptotic effect of HSYA and revealed that HSYA notably suppressed the release of cytC into the cytoplasm, reducing the caspase cascade reaction.

It has been suggested that the ROS scavenging action of HSYA may contribute to the maintenance and integrity of the mitochondrial membrane and inhibition of the mitochondrial apoptosis signaling pathway ([@b22-etm-0-0-6125]). The pre-treatment with medicines is an effective measure for decreasing MSC apoptosis under malignant conditions *in vitro* ([@b17-etm-0-0-6125],[@b45-etm-0-0-6125]). For instance, the application of Nicorandil ([@b45-etm-0-0-6125]) significantly protects MSCs against apoptosis induced by H/SD for 9 h. Comparatively, the results of the present study demonstrated that the anti-apoptotic effects of HSYA were more considerable, as the apoptosis rate of MSCs in the protective group was \<50% of the H/SD group.

Further experiments were performed to elucidate the molecular mechanisms associated with the regulation of apoptosis by HSYA. Specifically, the involvement of the HIF-1/VEGF signaling pathway in the anti-apoptotic activity of HSYA in MSCs was assessed. The HIF-1/VEGF pathway serves a vital role in promoting the survival of various cell types under hypoxic conditions ([@b16-etm-0-0-6125],[@b29-etm-0-0-6125],[@b46-etm-0-0-6125]). HIF-1 is a heterodimeric protein composed of two subunits, HIF-1α and HIF-1β ([@b29-etm-0-0-6125]). HIF-1α is a functional subunit and belongs to the helix-loop-helix family of transcription factors ([@b47-etm-0-0-6125]). Its transcriptional activity is regulated by intracellular oxygen concentrations ([@b46-etm-0-0-6125]). Under hypoxic conditions, HIF-1α persists and HIF-1α/β is transported into the nucleus where it binds to HIF responsive elements and activates the expression of downstream target genes, such as erythrpoietin and VEGF, which are involved in energy metabolism and oxygen delivery ([@b29-etm-0-0-6125]). A previous study demonstrated that HIF-1 may serve as a neurotrophic and neuroprotective factor, which promotes MSC-mediated neurological and functional recovery in the ischemic brain ([@b48-etm-0-0-6125]). It is well established that VEGF, induced by HIF-1α, binds to its complementary receptors to initiate ERK-1/2 signaling and then activates the Akt pathway, resulting in cell proliferation, anti-apoptosis, anti-inflammation and angiogenesis ([@b29-etm-0-0-6125],[@b49-etm-0-0-6125]--[@b51-etm-0-0-6125]). It has also been revealed that HIF-1α-induced VEGF expression in MSCs exerts an essential protective anti-ischemic effect on cardiomyocytes ([@b52-etm-0-0-6125]). Consistent with these observations, Zhong *et al* ([@b53-etm-0-0-6125]) observed a significant increase in the release of VEGF in HIF-1α-modified MSCs, which exerted a protective effect on neuron-like cells or neurons following ischemia *in vitro* and *in vivo* through the elevated expression of survivin: A member of the inhibitors of apoptosis protein family. Furthermore, VEGF has been demonstrated to function as a neuroprotective factor in motor neurons ([@b54-etm-0-0-6125]). For instance, VEGF released by MSCs reduced neuronal apoptosis and promoted neuronal proliferation in a rat stroke model ([@b9-etm-0-0-6125]). However, although HSYA protection was observed to significantly elevate the expression of HIF-1α and VEGF under H/SD conditions in the present study, the proliferative ability of MSCs in the protective group was not enhanced, which may be associated with the lack of growth factors under serum deprivation. However, in terms of ROS scavenging activity, HSYA protection enhanced cell viability during short-term H/SD treatment.

In conclusion, the results of the present study indicated that HSYA improved the survival rate of MSCs under H/SD conditions, which mimic the microenvironment of ischemic diseases. Under these conditions, the pro-survival and anti-apoptotic effects of HSYA may depend on the activation of the HIF-1/VEGF signaling pathway, the reduction of ROS production and the maintenance of mitochondrial membrane integrity.
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![Morphological characteristics of MSCs. (A) The majority of cells were adherent following 3 days of primary culture. (B) Third generation MSCs exhibited a fibroblast- or spindle-like morphology. (C) Third generation MSCs were stained with Diff-Quick solution. Scale bar, 50 µm. MSCs, mesenchymal stem cells.](etm-15-06-5251-g00){#f1-etm-0-0-6125}

![Determination of MSC surface antigens by FCM. MSCs were positive for CD29 and CD90 and negative for CD34 and CD45 by FCM analysis. P2-5 are the different gates that were assigned to distinguish cells. MSC, mesenchymal stem cells; FCM, flow cytometry; CD, cluster of differentiation; PE, phycoerythrin; APC, allophycocyanin; FITC, fluorescein isothiocyanate.](etm-15-06-5251-g01){#f2-etm-0-0-6125}

![Effect of HSYA on apoptosis levels and ROS generation in MSCs. (A) Determination of cell apoptosis through fluorescence staining procedures following exposure to H/SD treatment for 48 h (scale bar, 50 µm). (B) Quantitative MSC apoptosis levels at 6, 12, 24 and 48 h. (C) Determination of ROS accumulation through fluorescence staining following exposure to H/SD treatment for 48 h (scale bar, 50 µm), and (D) determination of DCF fluorescence intensity by FCM expressed relative to the normal control group following 6--48 h of H/SD treatment. (E) Quantitative ROS levels at 6, 12, 24 and 48 h. (F) Western blotting analysis of cytC and caspase-3 following 24 h of H/SD culture. (G) Quantification of relative band intensities. ^\#\#^P\<0.01 vs. the normal. \*\*P\<0.01 vs. the H/SD group. HSYA, hydroxysafflor yellow A; ROS, reactive oxygen species; MSCs, mesenchymal stem cells; H/SD, hypoxia and serum deprivation; FCM, flow cytometry; DCF, 2′,7′-dichlorodihydrofluorescein diacetate; Cyto.cytC, cytoplasmic cytochrome C; C.caspsase-3, cleaved caspase-3.](etm-15-06-5251-g02){#f3-etm-0-0-6125}

![Assessment of MSC proliferation and viability under H/SD conditions. (A) Representative fluorescence microscopy images showing EdU staining of MSCs (Scale bar, 50 µm) and (B) the percentage of EdU-positive MSCs in each experimental group. (C) MTT assay indicating the viability of MSCs in each group following 6, 12, 24 and 48 h exposure to normal H/SD or protective conditions. ^\#\#^P\<0.01 vs. the protective group. \*\*P\<0.01 vs. the H/SD group. MSCs, mesenchymal stem cells; H/SD, hypoxia and serum deprivation; EdU, 5-ethynyl-2′-deoxyuridine; OD, optical density.](etm-15-06-5251-g03){#f4-etm-0-0-6125}

![Expression of HIF-α and VEGF through western blot and RT-qPCR analyses. (A) Western blotting analysis and (B) quantitative analysis of band densities revealed that following MSC culture under H/SD conditions for 24 h, 160 mg/l HSYA protection significantly increased the protein expression levels of HIF-α and VEGF. (C) RT-qPCR analysis demonstrated that HIF-α and VEGF mRNA levels were notably upregulated in HSYA protective group when compared with the normal and H/SD groups at 24 and 48 h of exposure. The results are presented as the mean ± standard deviation of three separate experiments. ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. the normal group. \*P\<0.05 and \*\*P\<0.01 vs. the H/SD group. HIF-α, hypoxia-inducible factor-α; VEGF, vascular endothelial growth factor; RT-qPCR, reverse transcription quantitative polymerase chain reaction; MSC, mesenchymal stem cells; H/SD, hypoxia and serum deprivation; HSYA, hydroxysafflor yellow A.](etm-15-06-5251-g04){#f5-etm-0-0-6125}

###### 

Reverse transcription-quantitative polymerase chain reaction primer sequences.

  Genes         Primers (5′-3′)             Tm (°C)   Fragment length (bp)
  ------------- --------------------------- --------- ----------------------
  HIF-1α                                    55        218
    Sense       AACAAACAGAATCTGTCCTCAAACC             
    Antisense   CAGGTAATGGAGACATTGCCAG                
  VEGF                                      55        151
    Sense       CAGCGACAAGGCAGACTATT                  
    Antisense   GTTGGCACGATTTAAGAGGG                  
  β-actin                                   55        246
    Sense       TCACCCACACTGTGCCCATCTATGA             
    Antisense   CATCGGAACCGCTCATTGCCGATAG             

HIF-α, hypoxia-inducible factor-α; VEGF, vascular endothelial growth factor; Tm, annealing temperature; bp, base pairs.
